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1
Introduction
It is widely acknowledged that channel quality indication (CQI) is very important for system and end-user performance for downlink LTE. While the key decisions related to CQI have been awaiting more clarification of the uplink transmission resources, some discussions have been on-going in earlier meetings as well on the email reflector. Some of these discussions have culminated in a RAN1 response to the LS from RAN2 [1]. In this contribution we focus on the essential transmission mechanisms of CQI rather than the detailed contents of the report itself although these aspects are clearly interrelated. Some important aspects of reserving PUCCH for CQI transmission were raised in [2] that were further discussed in [19]. The Stage 2 decision is that “the UE can be configured to transmit CQI either periodically or based on triggers configured by the eNB (FFS)” and here we specifically discuss the trigger mechanism. 

2
General aspects of CQI transmission
In this section, some of the conclusions from earlier 3GPP CQI contributions as well as email reflector discussions are being summarized. First, the general conclusion is stated after which some basic argumentation is given.

2.1
No feasible “one-size, one-type CQI fits all” solution for LTE

From various contributions, for instance [3, 4], it is clear that different CQI schemes work best in different environments and that diversity provides ample opportunities to optimize the performance/overhead trade-off. The number of issues raised are multiple, with particular focus on speed-related aspects [5, 6] and special user/service classes [7]. It has been raised to have flexibility to adjust the CQI measuring bandwidth, the number of reporting channels (as in best-M), the MIMO feedback, and optimize the message format for certain services such as VoIP calls for a diversified CQI concept with many possible messages sizes. 

To capture the flexibility without having an excess number of schemes available, it is very important that there is made a consistent CQI frame-work with parameters that can be used to cover most of the cases; including adjustment of CQI measuring/reporting resolution in time and frequency to facilitate varying deployment and mobility conditions. When possible, the available flexibility should reside within the parameters for the CQI concept.

2.2
Different link budgets add to needed CQI versatility

Depending on the uplink link budget, the PUCCH CQI available capacity varies significantly. For coverage limited users, we need to ensure efficient use of a very small message size in a CQI context as has been seen from uplink PUCCH capacity simulations in e.g. [8].  In other situations, a user can support message sizes up to 20-30 CQI bits within a single TTI. The link budget aspects further raise the issue of having different CQI message sizes depending on the PUCCH capacity of a user. 

Unless only very simple CQI reporting is facilitated for users in poor radio conditions, multi-TTI CQI transmission is needed. The general trend to avoid increased delays and give high scheduling flexibility is to make each CQI chunk self-decodable and meaningful for the scheduler; e.g. to introduce partial bandwidth reporting [9], tree-based reporting methods going from wideband CQI towards per-PRB CQI [10], or other methods; e.g. [11].
2.3
Mapping multiple CQI sizes to the PUCCH is non-trivial

From a PUCCH multiplexing and overhead perspective, it is the CQI size on PHY that is important rather than the CQI message size. Hence, as a general aspect, it is important to focus on the multiplexing aspects on the PUCCH and the PUSCH in cases when the UE has uplink data transmissions. To avoid excessive overhead on the PUCCH it is important that the control channel is efficiently shared among all the users in the cell. There is still some complexity involved as shown in Figure 1 where re-configuration is needed to not having to allocate additional PUCCH resource for CQI transmissions in the cell. As users may have different scheduling patterns, DRX/DTX cycles, and different CQI reporting needs this adds to the general picture. We are assuming the use of a modulated CAZAC sequence approach which can support 6 UE CQI reports per resource unit (single code approach: 6 out of 12 cyclic shift are used).
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Figure 1. Example of multiplexing several users to the PUCCH 
with CQI message spanning a single CAZAC code.

2.4
Uplink activity lowers PUCCH efficiency

In a contribution [2], the potential inefficiency issues of using PUCCH for CQI transmission were stressed. It can be expected that in many practical cases the uplink will be quite active for a user thereby rendering the PUCCH channel resources unused. For near-symmetrical traffic spectral efficiency of using PUCCH approaches zero (reserved to avoid CQI collisions but in practice unused). It was shown in [12] that unless some means are taken to control the PUCCH overhead, significant uplink capacity is wasted.

With heavy use of DRX/DTX in the system we may assume that we quite often align the uplink and downlink transmission for users to save UE power. Even for download heavy TCP traffic only (FTP, http, email, NRTV, streaming), we quite often need to schedule the UE in the uplink. A TCP ACK needs to be sent in uplink per segment (e.g. 1500 bytes) received in downlink. Even assuming header compression the required uplink control data rate for a UE with 2 Mbit/s download is 15 kbit/s (excluding other control/RRC messages). This corresponds to for instance 1 PRB UL allocation (QPSK1/4) every 5 ms which could be equivalent to the desired CQI reporting rate. Note that small delay in the feedback signalling is needed to facilitate high target data rates for the end-user; due to impact of TCP slow-start. 

It should be noted that this problem is specific for CQI reporting where a dedicated PUCCH resource allocation may worst-case be given to all active users in the cell. For e.g. signalling of ACK/NACK, the problem is less pronounced since the associated PUCCH resource allocation will not be done on a per-user level but will match the current multiplexing order in the downlink (e.g. how many users are scheduled per sub-frame). 

3
A proposed CQI trigger mechanism

From above discussion, it is noted that PUCCH is not always the most efficient means of transmitting CQI although it offers little associated control signalling. Hence, the CQI concept should be extended to (1) reduce complexity of multiplexing puzzle and reduce needed RRC overhead and (2) to enable advanced and user-specific CQI for best system and end-user performance (DL throughput and UL power cons.). Concluding on above points from many 3GPP partners we need the possibility to reduce usage of PUCCH for CQI and to increase use of active “scheduled CQI” with data allocations for detailed CQI transmission. Specifically, we propose that the adopted trigger mechanism becomes a direct scheduling of the CQI on the PUSCH. 
Compared to other indirect proposals, e.g. [2] where the size of the CQI message is made dependent on whether it has a valid grant (or simultaneously transmits ACK/NAK) or not, we prefer the added flexibility (both in terms of timing and format) of adopting a two-layer CQI concept; e.g. a periodic CQI format and a scheduled/triggered CQI format.  
The added flexibility of a two-layer concept is advantageous in order to lower the usage of the PUCCH in cases when a UE is often scheduled in the uplink and where dedicated allocation of PUCCH resources for CQI would be inefficient (including case when PUCCH cannot carry the best CQI and multi-TTI transmission is not desirable). The triggering mechanism needs to be clear such that both eNB and UE agree on when and what is transmitted when a “trigger” is active. Looking at the multi-user scheduling scenario it is further clear that the eNB more often knows when a user needs to send a CQI. Only trigger at UE side is knowledge of the rate of change of the channel which is also known from past by eNB which further knows the downlink scheduling priority and whether the UE has data pending for transmission in the downlink. Also, using uplink PUSCH transmission for “triggered” CQI reporting is attractive since no resources have to be dynamically or in dedicated fashion allocated for this on the PUCCH. As the envisioned triggered CQI can be quite large, the overhead of using the PUSCH is marginal and may even provide a link performance gain due to availability of e.g. radio opportunistic scheduling in the uplink; e.g. with possibility to support more advanced CQI reports for low-delay and channel aware scheduling. From a performance perspective, we find also that it is important that the trigger mechanism facilitates a gain even in the first transmission compared to just aligning the trigger with e.g. NACK transmission [14] which will still complicate the PUCCH overhead control.

In conclusion, we prefer that the available trigger for sending a CQI, e.g. besides from the default periodic CQI, will be a direct or dynamic scheduling indication as earlier proposed in e.g. [15,19] although in a simple form. For a more detailed description of the difference between periodic CQI and scheduled CQI is listed in Figure 2. The two types of CQI may be different and can supplement each other. E.g. periodic CQI could be a wideband CQI that for some bandwidths only need to be reported at quite low rate while the scheduled CQI could be a more completed FDPS-capable CQI. This would mitigate some of the worries related to e.g. best-M only CQI raised earlier. In other cases, the periodic CQI can be used as the only active CQI reporting mode. The eNB has the flexibility to decide how it prioritises the use of the two CQI transmission mechanisms. 
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Figure 2. Illustration of the 2-way CQI concept with periodic and scheduled CQI.


E.g. the scheduled CQI overrides periodic CQI as indicated in Figure 2. If user has multi-TTI periodic CQI, it will possibly switch between PUSCH and PUCCH during one CQI transmission (if UE is scheduled in uplink in the mean time). We envision that multi-TTI CQI is not possible when discussing scheduled CQI; would impose too high restrictions on the packet scheduler. Due to uncertainties related to e.g. buffer reporting it may happen that a user gets an uplink scheduling grant without having data buffered for transmission. Hence, this means that in this case the periodic CQI may be sent alone in the allocated resources. This issue also applies to scheduled CQI. In Figure 2, there is also an example that the user with periodic reporting is scheduled in the uplink at the same time as a periodic CQI is pending; hence, the allocated PUCCH resource is left unused.

In the following some of the main advantages of the dual CQI scheme (periodic and scheduled) are listed:

· Reduced number of transmissions of CQI in uplink. We can schedule them when we need them also considering the scheduler and buffer aspects. This saves UE power and uplink capacity (including trunking efficiency). With scheduled CQI, we can potentially use uplink smart scheduling to transmit large CQI with less overhead.

· We can reduce the overhead of PUCCH for CQI due to additional flexibility for CQI transmission. Potentially, the negative impact since CQI size on PUCCH can be made consistent and matched to transmission concept. Re-allocation of dedicated CQI resources to users is simplified (can be made same size on PHY without large penalty). More detailed CQI messages studied by 3GPP partners are large in size and will not always fit within single PRB (increases multiplexing overhead). With two-layer CQI we can easier control this aspect.

· The eNB can make a flexible balance between use of PUCCH and PUSCH for CQI. It can balance aspects of traffic in uplink, nature of downlink traffic, load in uplink, UE capability and link budget issues in its choice of parameters.

· Scheduled CQI is easily scalable towards potential future L1 enhancements requiring CQI mode additions. We just need to define additional message format in the CQI RRC table for scheduled CQI. E.g. not limited by physical properties of control channel.

A basic disadvantage of scheduled CQI is the added scheduling delay which is present when requesting a CQI report from a UE. However, this issue is more dominant in other approaches such as the “CQI with ACK/NACK” which means that the CQI cannot be used effectively for the first transmission. The eNB can compensate for this aspect in its scheduling function. Since more often the eNB knows when a CQI is needed than the UE (and hence, the dynamic trigger should happen at eNB side) this issue is difficult to avoid if we simultaneously have a target that the UE should only transmit CQI reports when this is absolutely needed.

Other desirable aspects of scheduled CQI relates to the use of dynamic DRX/DTX schemes that have been discussed in 3GPP earlier. Here, scheduled CQI offers high compatibility and does not force the network to allocate worst-case PUCCH reporting resources for users in DRX/DTX. It also enables a more consistent DRX/DTX [16, 17] definition provided that CQI patterns are masked with the DRX/DTX pattern in general.  A tight coupling between DTX/DRX and CQI is important to alleviate the uplink overhead issues raised earlier [12]. It appears attractive (and also logical to some extent) that the user does not send CQI when in DRX/DTX. How to align this with semi-persistent allocation, certain service patterns etc. is still FFS.

4
Configuration and re-configuration of CQI Reporting
As specified in [1], the eNB will configure the CQI reporting. For above-mentioned schemes, the eNB is responsible for all aspects of having a CQI transmitted; e.g. there is full consistency related to the allocated uplink resources for CQI transmission. The overall CQI concept is assumed configured via RRC messaging, including the following configuration items:

· PUCCH physical resource allocation for periodic CQI

· Reporting rate and absolute timing.

· Which CAZAC codes; Knowing CQI size, see below, we then know encoding rate on PUCCH (QPSK only).

· Format of periodic CQI:

· Whether to use best-M (or threshold) CQI, select-M CQI, wideband CQI, or other modes finally agreed in 3GPP. Includes MIMO reporting configuration.

· Other CQI parameters (reporting bandwidth, threshold setting, M value, PRB indication, etc.).

· Multi-TTI CQI transmission also needs to be configured; e.g. given by explicit parameter or code-rate specification.

· Format of scheduled CQI:

· Whether to use best-M (or threshold) CQI, select-M CQI, wideband CQI, or other modes finally agreed in 3GPP. Includes MIMO reporting configuration.

· Other CQI parameters (reporting bandwidth, threshold setting, M value, PRB indication, etc.). Multi-TTI transmission is assumed to be not possible.

Further, it is assumed as in [16, 17] that the related RRC configuration related to DRX/DTX also needs to be considered to define the overall CQI reporting pattern. Default assumption is that the DRX/DTX pattern is used to mask the CQI reporting interval (e.g. when UE is in DRX/DTX, it will not send any CQI). Some aspects related to RRC configuration delay and possible collisions are FFS but relates to any type of PUCCH allocation shared among users.

5
Lower-layer signalling support for CQI concept

As indicated in [18] we assume that a dedicated CQI scheduling bit is reserved for each uplink allocation in the allocation information table.  There are several arguments whether this relatively small signalling overhead is needed. Quite often the eNB knows that there is no point in scheduling a detailed CQI report together with uplink data; e.g. if there are no other users, we use wideband transmission towards single UE (FDLA has limited performance gain since power boosting options are limited). Hence, the last received wideband CQI on PUCCH may be sufficient for PS. Further, the downlink traffic buffer may be small or empty such that there is no need for scheduled CQI report.

Hence, with a scheduling bit for uplink allocation table we can ensure that UE only sends CQI reports when strictly needed (e.g. saves power). Using e.g. timer-only solution or more implicit methods is a less flexible solution with only limited gain (e.g. 1 bit per uplink allocation). 

6
Conclusions

Due to efficiency issues related to PUCCH transmission of CQI, we propose that a specific CQI trigger to be included in the specifications to facilitate more effective use of the uplink activity for CQI without having to over-allocate PUCCH resources. We propose specifically that the LTE CQI concept will offer two ways of “scheduling” a CQI report for a user.

1. Default mode is periodic reporting on the PUCCH or PUSCH when UE is scheduled in uplink. The eNB configures the CQI format and message size; e.g. depending on the link quality and UE capability of a certain UE. 

2. Secondary CQI mode is scheduled CQI where a CQI report is requested by means of a bit in the uplink allocation information sent to the UE in downlink. Scheduled CQI size and message format can be flexible in terms of size and contents but format needs to be configured by the eNB and reported to UE (e.g. via RRC).

3. When the need for periodic CQI collides with scheduled CQI, we propose that the scheduled CQI will be the dominant reporting mode.

Scheduled CQI offers high potential to (1) reduce control channel usage for users with significant uplink load, (2) reduce needed overhead for CQI since eNB can consider scheduler conditions when scheduling CQI, (3) integrate well with dynamic DTX/DRX schemes where allocation of fixed PUCCH CQI overhead would be “over-kill”, and (4) to provide more diversity in CQI reporting as requested by several other companies.
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